UV-glass photomultiplier tubes (PMTs) have poor photon detection efficiency for wavelengths below 300 nm due to the opaqueness of the window material. Costly quartz PMTs could be used to enhance the efficiency below 300 nm. A less expensive solution that dramatically improves this efficiency is the application of a thin film of a p-terphenyl (PT) wavelength shifter on UV-glass PMTs. This improvement was quantified for Photonis XP4500B PMTs for wavelengths between 200 nm and 400 nm. The gain factor ranges up to 5.4 ± 0.5 at a wavelength of 215 nm, with a material load of 110 ± 10 µg/cm 2 (894 nm). The wavelength shifter was found to be fully transparent for wavelengths greater than 300 nm. The resulting gain in detection efficiency, when used in a typicalCerenkov counter, was estimated to be of the order of 40%. Consistent coating quality was assured by a rapid gain testing procedure using narrow-band UV LEDs. Based on these results, 200 Photonis XP4500B PMTs were treated with PT for the upgraded low-threshold Cerenkov counter (LTCC) to be used in the CEBAF Large Acceptance Spectrometer upgraded detector (CLAS12) at the Thomas Jefferson National Accelerator Facility.
Introduction
During the 6 GeV maximum electron beam energy era of Jefferson Lab, aCerenkov Counter [1] (CC) has been used in several experiments in Hall B for electron/pion discrimination as part of the CLAS detector data acquisition trigger and particle identification systems. The CC has been refurbished to be used as a LTCC for pion/kaon discrimination in the new detector [2] for the 12 GeV upgrade of Jefferson Lab. Pions in the momentum region of interest produce significantly lessCerenkov photons compared to electrons. Hence, a significant increase in the light-collection efficiency was essential in the CC upgrade.
The number density ofCerenkov photons with a wavelength λ for a particle with velocity v and charge ze passing through a unit of length of a radiator can be written as [3] ,
Email addresses: sylvester.joosten@temple.edu (S. Joosten), edkacz@temple.edu (E. Kaczanowicz), ungaro@jlab.org (M. Ungaro), meziani@temple.edu (Z.-E. Meziani) with the fine structure constant α and theCerenkov cone half-angle θ C . Due to the λ −2 dependence of this distribution, a good sensitivity to photons in the UV region is required in order to maximize the efficiency of ȃ Cerenkov detector.
The detector efficiency η C (λ) for aCerenkov counter is proportional to the transparency of theCerenkov medium η T , the reflectivity of the mirrors η R and the quantum efficiency (QE) of the photomultipliers (PMTs), defined as the ratio of the number of photoelectrons emitted by the photocathode to the number of photons incident on the window, η P ,
For a typicalCerenkov detector, the medium stops being transparent for light below 200 nm to below 150 nm, depending on the medium used, while mirror reflectivity commonly drops off below approximately 180 nm. For PMTs with photocathodes of the bialkali family, the limiting factor of enhanced QE in the UV region is the transparency of the window material [4] . Borosilicate windows can be used to detect wavelengths as low as approximately 300 nm, UV-glass windows down to 250 nm, and only quartz windows can efficiently detect light down to 180 nm. While quartz windows maximize the UV-sensitivity of the PMT, and therefore theCerenkov detector perfor-mance, they are difficult and expensive to produce. In fact, most newer types of PMTs are only available with borosilicate and UV-glass windows 1 . A wavelength shifter (WLS) deposited on the face of a borosilicate or UV glass PMT provides an effective alternative to boost the efficiency of aCerenkov detector by converting UV photons with a wavelength below 300 nm into two isotropically emitted photons with longer wavelengths. Additional requirements for a WLS material are a short decay time, a high transparency to its own emitted wavelength as well as longer wavelengths, and stability against evaporation and aging. Examples of such WLS materials include p-terphenyl (PT), p-quaterphenyl (PQ), tetraphenylbutadiene (TPB) and diphenylstilbene (DPS) [5] [6] [7] [8] . PT in particular has been shown to provide the highest gain in photodetection efficiency for PMTs of the bialkali family as its emission spectrum matches the region of peak performance of the bialkali photocathode while having a short decay time near 1 ns [6, [8] [9] [10] [11] [12] .
The CLASCerenkov Counter upgrade
Application of a WLS coating on UV-glass PMTs can enable a refurbishedCerenkov detector to hit key performance goals in a more demanding experimental environment compared with the original detector. In fact, this was crucial for the upgrade of the CLAS CC to be used as the CLAS12 LTCC.
The CC consists of six sectors, each equipped with 36 elliptical and 36 hyperbolic mirrors focusing thȇ Cerenkov light onto 36 PMTs, as shown in Fig. 1 . The sectors are filled with C 4 F 10 gas, with a refraction index of 1.0014. Electrons cross through approximately 1 m of gas, while the producedCerenkov photons undergo between 3 and 4 bounces before they reach the PMT face. The average resulting light yield at the PMT face in the original CC was observed to be 20 photons. Without WLS, a small fraction of these photons are detected due to a poor PMT efficiency for UV light.
The pionCerenkov threshold in C 4 F 10 is 2.6 GeV/c, while the kaon threshold is 9.4 GeV/c. Hence, after a track is found not to be an electron or proton by the rest of the particle-identification system in CLAS12, it can be further identified as either a pion or kaon by the LTCC. To perform this pion/kaon separation function with a good efficiency, it is crucial that pions generate a sufficient number ofCerenkov photons. It was The pion light yield at the PMT face in the LTCC, relative to the electron light yield in the baseline CC. The pion light yield with only the increase in gas volume (black circles), and the addition of a refurbished mirror system (blue squares) is too low to be used for pion identification. The PT coating on the PMTs (red diamonds) is necessary to achieve an acceptable light yield in the kinematic region of interest.
found that pions in the momentum region of interest produce less than half the number ofCerenkov photons compared to electrons, and the detector efficiency drops rapidly with a decreasing number ofCerenkov photons. In order to maximize the LTCC light yield, the CC gas volume has been increased by 20%, the mirror and Winston cone system has been refurbished with an improved reflective coating 2 , and the PMTs have been coated with a PT wavelength shifter. The results of this detector upgrade are shown in Fig. 2 . The PT coating is necessary to ensure a pion light yield in the LTCC that is comparable (or better) then the original electron light yield in the CC. This increased light yield is required in order to reliably separate pions from kaons with the LTCC.
Wavelength Shifter Thickness
The ideal thickness of the PT film is determined by the minimum thickness required to ensure a good absorption in the WLS. Thicker layers will lead to a decline in optical transparency above the absorption re- gion, as well as an increase in background due to scintillations excited directly by stray fast particles [6] . The ideal minimum thickness can be estimated by calculating the expected QE after application of the wavelength shifter film with thickness ∆,
with P abs (λ, ∆) the probability to absorb a photon with wavelength λ in a WLS with thickness ∆ and I ems (λ ) the distribution of emitted photons incident on the PMT window, and Q f (λ ) the QE of the WLS. In this paper, we consider the UV-glass Photonis XP4500B PMT, using the QE data from [4] , PT absorption and emission data from [13] (shown in Fig. 3 , a density of 1.23 g/cm 3 and a molecular weight of 230.30376 g/mol. The results are shown in Fig. 4 and a nominal prediction of the gain (η WLS /η P ) in Fig. 5 . The absorption is starting to saturate at a material load of 50 µg/cm 2 , and around 100 µg/cm 2 a near-optimal level of saturation is reached. The potential increase in gain for higher material loads is minimal. The WLS optical transparency remains very good up to 300 µg/cm 2 , resulting in a wide plateau region between 100-300 µg/cm 2 [6, 8, 9] . Due to this wide plateau region, the impact of small fluctuation in coating thickness is negligible. 
Coating Procedure
PT deposition has been accomplished in the past through vacuum evaporation [6, 8, 9] or alternatively by means of a solution with a plastic binder in an organic solvent [10] [11] [12] , both with varying degrees of success.
For this work, the PT WLS 3 was deposited directly on the UV-glass window of the Photonis XP4500B PMTs in a vacuum evaporator, which allows for the coating thickness to be precisely controlled. The setup is capable of coating three 5-inch PMTs simultaneously, as illustrated in Fig. 6. 
Cleaning the PMT
To obtain a homogeneous coated PMT it is crucial that all impurities are removed from the PMT surface prior to coating. To accomplish this the PMT face is cleaned off using isopropanol and then immediately dried with a blast of compressed dry air or nitrogen. This procedure is repeated 3 to 5 times as needed. If the PMT was previously coated, this coating is first carefully removed with 3 to 5 cleaning cycles with acetone.
Evacuation phase
Three PMTs can be simultaneously loaded into the vacuum evaporator (see Fig. 6 top, bottom) . The PT powder is loaded into a 0.75 cm 3 modified resistive 3 p-Terphenyl powder with 99+% purity. heated boat at the center of the base of the evaporator. This boat is covered with a 200 mesh screen to prevent the PT powder from spilling. The air is evacuated using a mechanical pump and a turbo pump. The chamber is ready for deposition once vacuum reaches an absolute pressure of 5 × 10 −6 Torr. This evacuation phase takes approximately 12 hours in our evaporator.
PT deposition
The boat is heated using a DC current of approximately 25 A for a temperature of 150
• C, initiating the sublimation of the PT powder. A water-cooled quartz deposition monitor, mounted at the same radial distance from the boat as the PMT face, continuously measures the evaporation rate. The precise current is controlled to ensure a deposition rate of 1.5 nm/s. The PMTs remain shuttered for approximately 6 minutes, until this target evaporation rate has been reached. Once evaporation conditions are optimal, the shutters are opened exposing the PMT faces to the evaporant. When the target thickness is reached, the shutters are closed and the power to the boat is shut off.
Material load calibration
To precisely calibrate the material load on the PMT face, a series of evaporations was performed on a thin glass surface ("watch glass") with an identical radius and curvature as the Photonis XP4500B PMT face. By weighing the before and after deposition, the exact material load on the PMT face could be linked to the amount of PMT powder in the evaporation boat. It was found that, for our setup, an optimal material load of 110 µg/cm 2 (894 nm) is obtained with 0.85 ± 0.01 g of PT.
Wavelength Dependent Gain Measurement
The wavelength dependent gain in PMT efficiency was measured using a monochromator (Newport model CS260-USB-1-FH-A) with a deuterium light source with a reach between 200 nm and 400 nm. The sections below discuss the exact experimental setup as well as the measured results.
Experimental setup
The deuterium light source fully covers the spectrum between 200 nm and 400 nm. The wavelength can be selected by the monochromator with a precision of 0.35 nm [14] . The light beam of the selected wavelength is collimated using two 760 µm pinholes. The beam is then split with a UV Grade fused silica beam splitter PMT R e f e r e n c e P M T U V S p l i t t e r 2-pinhole collimator Monochromator UV Lamp in two separate beams, as shown in Fig. 7 . Each light beam illuminates the face of a single PMT: the PMT to be tested, and a calibration PMT. The beam at the face of the PMT consists of single photons at a rate of 30 kHz to 3 MHz depending on the wavelength. Note that the monochromator is not placed in a vacuum, and therefore shorter wavelengths (close to 200 nm) undergo losses due to absorption by the air. The observed photon rate was read out by a scaler with a −24 mV threshold. Each PMT was measured while coated and then again after the coating had been removed using acetone and isopropanol. The measurement was performed on two separate PMTs. For each PMT, the measurement was performed in the standard configuration and in a configuration where the calibration PMT and the test PMT position were switched. In all cases, the calibration PMT rates were found to be stable between measurements.
The background was determined by an additional measurement with the light source switched off. This background rate is subtracted from the observed rate.
Monochromator Results
The results from 2 different PMTs each at 2 different positions were found to be consistent. Fig. 8 shows the average measured gain from these four measurements. The observed gain was found to be consistent with the nominal prediction for a perfectly saturated coating. Note that these results do not show any signs of a decline in WLS gain below 240 nm, in contrast with the previous results from Refs. [10, 12] , consistent with the more recent results from Ref. [8] .
For a typical light-gasCerenkov detector, this gain in PMT efficiency corresponds to an increase of approximately 40% in total detector efficiency.
Rapid Quality Assurance with UV LEDs
The monochromator test procedure is too timeconsuming to perform on all 200 PMTs for the CLAS12 LTCC. For this reason, we implemented a rapid quality assurance (QA) procedure using two UVTOP LEDs 4 to ensure consistent results. The QA testing can be performed with up to 3 PMTs simultaneously.
Procedure
The procedure consists of three steps: gain matching, baseline test, and assessment of the improved response.
To select the proper high-voltage settings for the PMTs, they were gain-matched using the single photoelectron (SPE) spectrum, extracted from the dark current when self-triggering on −4 mV. This step was also used to identify bad-performing PMTs.
For the next two steps, we used two UVTOP LEDs, at 265 nm (UVTOP260) and 290 nm (UVTOP285), both with a line width of 6 nm. Driven by an Agilent 33522A Function/Arbitrary Waveform Generator, they emit short sub-nanosecond bursts of light. An average burst contains approximately 100 photons. The PMTs are read out by a CAEN V1729A flash ADC (FADC) triggered by the function generator. The average number of photons converted in the photocathode can be estimated by fitting the integrated ADC spectrum with a Gaussian ansatz [15] ,
with µ and σ the mean and with of the Gaussian. This procedure is repeated after the PMT face has been coated. To control for potential variations in measurement conditions before and after coating, we use a Photonis XP4318B 3-inch PMT with a quartz entrance window as a fourth calibration PMT. The average measured gain from the 200 XP4500B PMTs coated for the CLAS12 LTCC is shown in Fig. 9 and compared to the nominal prediction for a perfectly saturated coating. The uncertainty on the points is given by the standard deviation of the individual measurements and a 2% fit uncertainty added in quadrature. The coating procedure was found to reliably improve the QE of each individual PMT close to the idealized nominal prediction with minimal deviations from the average.
The full spread of the measured gains for all 200 coated XP4500B PMTs is shown in Fig. 10 . The histograms are slightly asymmetric with a heavy right tail, as the QA procedure rejected coated PMTs that showed insufficient improvement.
The QA procedure was instrumental in the optimization of the cleaning procedure of the PMT face before the vacuum evaporation. Once the this cleaning procedure was fully established, the rejection rate was 5%. The rejected PMTs were subsequently carefully cleaned and re-coated, after which they passed the QA testing.
Pulse shape and timing
The rapid QA setup was used to study the impact of the PT coating on the PMT pulse shape and timing. The function generator provides a consistent trigger when comparing PMTs before and after coating, while the CAEN V1729A FADC has a timing resolution of 0.5 ns. Fig. 11 shows a comparison of the measured average pulse before and after coating. After coating, the pulse is unchanged except for an increase in amplitude due to the higher PMT efficiency and a delay of 2.0 ± 0.5 ns. This observed delay is consistent with an earlier measurement of the PT lifetime [6] . 
Summary
Application of a p-terphenyl wavelength shifter to the window of a UV-glass PMT through vacuum evaporation was found to dramatically improve the photon detection efficiency for wavelengths below 300 nm. The wavelength dependent gain for Photons XP4500B PMTs was precisely measured using a monochromator.
The ideal material load was found to be 110 ± 10 µg/cm 2 with a gain factor of 5.4 ± 0.5 at a wavelength of 215 nm. Smaller material loads are not fully saturated while larger material loads are more prone to a lower optical transparency due to crystallisation of the PT.
200 Photonis XP4500B PMTs were treated for the CLAS12 LTCC. Each PMT was tested using a rapid QA procedure using two narrow-band UVTOP LEDs. The coated PMTs will provide a 40% increase in detector efficiency.
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